We have visualized the distribution of autophosphorylated type II CaM kinase in neural tissue with the use of two complementary antibodies: a monoclonal antibody that binds to the a and subunits of the kinase only when they are autophosphorylated at threonine-286 (287 in ) and affinity-purified rabbit antibodies that bind to both subunits only when they are not phosphorylated at these residues. We used these antibodies to double-label organotypic hippocampal cultures, detecting the mouse monoclonal antibody with rhodamine and the rabbit polyclonal antibodies with fluorescein. In double-exposed photographs, the ratios of intensities of the two fluorophores revealed the relative proportion of autophosphorylated and nonphosphorylated kinase in individual neurons throughout the cultures. We found that autophosphorylated and nonphosphorylated kinase are colocalized throughout most neurons rather than segregated within distinct cells or subcellular domains. However, the variations in intensity of the two fluorophores indicated that the proportion of autophosphorylated kinase is consistently higher in neuronal somas than in the neuropil.
INTRODUCTION
Type II CaM kinase is the most abundant protein kinase in the hippocampus and forebrain, comprising -1 % of total forebrain protein (Erondu and Kennedy, 1985; Hunter, 1987) . It is present in neuronal somas and dendrites (Ouimet et al., 1984; Erondu and Kennedy, 1985) and is found in the cytosolic, membrane, and cytoskeletal fractions of brain homogenates (Stull et al., 1986; Kennedy et al., 1987) . In the hippocampus, it plays a role in the initiation of long-term potentiation, a syn-hydroxylase, the microtubule-associated protein MAP2, and nitric oxide synthase (Stull et al., 1986; Colbran et al., 1989; Bredt et al., 1991) . Phosphorylation of synapsin I by the CaM kinase facilitates exocytosis of synaptic vesicles (Llinas et al., 1985; Nichols et al., 1990) . Phosphorylation of tyrosine hydroxylase has been correlated with a several-fold increase in its catalytic activity (Griffith and Schulman, 1988; Waymire et al., 1988) . Phosphorylation of MAP2 by the CaM kinase inhibits microtubule assembly in vitro (Yamamoto et al., 1983) . Thus, the CaM kinase may perform many regulatory functions associated with activity-dependent or hormone-induced increases in intracellular free Ca2".
The CaM kinase can become independent of Ca2+/ calmodulin after autophosphorylation of a threonine residue adjacent to the calmodulin-binding domain (threonine-286 in a and threonine-287 in O). The threonine residue is rapidly autophosphorylated after activation by Ca2+/calmodulin (Miller et al., 1988; Schworer et al., 1988; Theil et al., 1988) . The presence of phosphate on this residue maintains the kinase in an active state, although at a reduced rate, after free Ca2+ is removed by chelation with EGTA (Miller et al., 1988; Hanson et al., 1989) . The activation is highly cooperative; phosphorylation of only one to three subunits per dodecameric holoenzyme produces maximal Ca2+-independent activity (Miller and Kennedy, 1986; Lickteig et al., 1988) . It has been postulated that this mechanism may allow the kinase to act as a switch in vivo by prolonging its activation beyond the duration of a transient increase in Ca2+ concentration (Miller and Kennedy, 1986; Lisman and Goldring, 1988) . Phosphorylation of threonine-286/287 also enhances the affinity of the kinase for calmodulin, perhaps influencing the distribution of the calmodulin pool (Meyer et al., 1992) . We are interested in learning how this autophosphorylation is regulated in situ in hippocampal neurons.
Recent biochemical studies with neuronal cultures demonstrated that a significant basal level of autophosphorylated Ca2"-independent CaM kinase activity is maintained in living neurons; however, the proportion of kinase that is autophosphorylated at basal Ca + concentration varies in different neuronal preparations. In dissociated cultures, the basal proportion of total kinase in the autophosphorylated state is 4-6% (Fukunaga et al., 1989; Jefferson et al., 1991) , and in acute hippocampal slices, it is 7-9% (Molloy and Kennedy, 1991; Ocorr and Schulman, 1991) . In neurons of organotypic hippocampal cultures, however, the basal proportion of total kinase in the autophosphorylated state is substantially higher, -30%. This high basal autophosphorylation is not caused by elevated cytosolic Ca>2 because the basal Ca 2 concentration in these neurons is 30-45 nM (Molloy and Kennedy, 1991) . Furthermore, suppression of electrical activity in the cultures by prolonged application of tetrodotoxin or glutamate receptor antagonists does not decrease the basal level of autophosphorylation. The proportion of autophosphorylated kinase in homogenates of dissected hippocampi is intermediate between the level in homogenates of acute slices and that in homogenates of organotypic cultures; it varies from 13-20% depending on developmental age (Molloy and Kennedy, 1991) . It is not yet clear which of these neuronal preparations best reflects the proportion of basal autophosphorylated CaM kinase in intact hippocampi.
The basal Ca2+-independent CaM kinase activity appears to be maintained by a dynamic equilibrium between autophosphorylation and dephosphorylation. Thus, in organotypic hippocampal cultures, Ca2+-independent CaM kinase activity can be dramatically increased by inhibiting phosphatase activity and reduced by lowering the external Ca2+ concentration (Molloy and Kennedy, 1991) . Therefore, it appears that an important function of the autophosphorylation mechanism in hippocampal neurons may be to produce a relatively high level of CaM kinase activity, even at basal Ca2+ concentrations, permitting both upward and downward local regulation by physiological agents. The CaM kinase may function more like an analogue "dimmer" switch than a digital switch.
One serious difficulty in interpreting these results has been that available biochemical methods do not allow one to determine whether the level of CaM kinase autophosphorylation is uniform throughout the neurons in the cultures or higher in particular subpopulations of neurons or subcellular compartments of neurons. The most extreme version of the "switch" hypothesis would predict that each individual neuron would contain either CaM kinase that is fully autophosphorylated or CaM kinase that is completely dephosphorylated (Lisman, 1985) . Thus, autophosphorylated kinase would be located primarily in a subset of neurons; e.g., 30% of neurons in the case of organotypic cultures. Similarly, it is not possible to determine experimentally whether biochemically measured changes in autophosphorylation produced by pharmacological agents or electrical stimulation reflect changes in the total pool of kinase or changes localized to discrete neurons, areas of neurons, or synaptic regions. In this study, we used antibodies specific for the phospho-or nonphosphokinase to visualize the distribution of autophosphorylated CaM kinase in fixed sections of organotypic cultures.
MATERIALS AND METHODS Preparation of Nonphosphorylated and Thiophosphorylated Peptide Immunogens
A 14-residue peptide with the sequence MHRQETVDCLKKFN (residues 281-294 of the a subunit) was synthesized by the Biopolymer Facility at Caltech. Nonphosphopeptide immunogen was prepared Molecular Biology of the Cell 160 by first purifying the peptide by reverse-phase high-performance liquid chromatography to >95% purity and then coupling the peptide through the cysteine residue to keyhole limpet hemocyanin (KLH; Sigma Chemical, St. Louis, MO; 10 mg) with succinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carboxylate (SMCC; Pierce Chemical, Rockford, IL). Thiophosphorylated peptide immunogen was prepared by enzymatically thiophosphorylating 30 mg of peptide in a reaction mixture containing 50 mM tris(hydroxymethyl)aminomethane (Tris) (pH 8.0), 10 mM MgCl2, 0.4 mM ethylene glycol-bis(Q-aminoethyl ether)-N,N,M,N'-tetraacetic acid (EGTA), 0.7 mM CaCl2, 20 mM dithiothreitol, 10 mg/ml peptide (5.7 mM), 7.0 mM ATP'yS, 0.1 mg/ ml calmodulin, and 0.1 mg/ml CaM kinase purified by the method of Miller and Kennedy (1985) in a final volume of 3.0 ml. The reaction was carried out at 30°C for 5 h. The reaction mix was injected onto a semipreparative reverse-phase C18 column (Vydac, Hesperia, CA), and thiophosphorylated peptide was purified as previously described (Patton et al., 1991) . The molar yield from starting material was 33% (10.5 mg). Thiophosphorylated peptide (10 mg) was coupled through the cysteine residue to 10 mg KLH preactivated with SMCC. KLHconjugated peptide (5 mg protein/ml) was aliquoted without further purification and stored at -80°C.
Selection of a Monoclonal Antibody Specific for Phosphorylated CaM Kinase BALB/c ByJ mice (aged 6 wk; Jackson Labs, Bar Harbor, ME) were primed and twice boosted at 3-wk intervals by intraperitoneal injection of a mixture of KLH-conjugated thiophosphorylated peptide (100 ,g KLH) and free thiophosphorylated peptide (-90 ag), emulsified in adjuvant (Ribi ImmunoChem Research, Hamilton, MT) as described previously (Patton et al., 1991) . Test bleeds were obtained 7 d after each injection. A final series of boosts was performed without adjuvant on the 3 d preceding the fusion (Stahli et al., 1980) . Splenocytes from one of the mice were fused with HL-1 murine myeloma cells (Ventrex, Portland, ME). Sera from test bleeds and media collected from hybridoma cultures were screened for antibodies against autophosphorylated CaM kinase by enzyme-linked immunosorbent assay (ELISA) with nonphosphorylated and autophosphorylated CaM kinase as antigen as described previously (Patton et al., 1991) . CaM kinase used as antigen in the ELISA was autophosphorylated with ATP in place of ATPyS. Clones testing positive against phosphokinase and negative against nonphosphokinase were subcloned at clonal density, and Ascites tumors were produced in pristane-primed BALB/c mice (Simonsen, Gilroy, CA 
Immunoblots
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed according to Laemmli (1970 
Transfection of COS 7 Cells
A full-length cDNA encoding the rat brain CaM kinase a subunit was a generous gift of Dr. R.F. Bulleit (Bulleit et al., 1988) . a Subunit cDNA sequences in which the threonine-286 codon was mutated to Ala or Asp were a generous gift from Dr. M. Ito (Caltech) . The mutants were generated by a polymerase chain reaction initiated with a degenerate oligonucleotide primer designed to introduce mutations at nucleotide positions 856 and 857 of the a subunit sequence. The mutant reaction products were substituted into the full-length a subunit cDNA, and the final products were sequenced to verify the mutant constructs. Mutant a subunit cDNAs were cloned into pcDL-SRa2, a COS cell expression vector constructed by Dr. R.F. Bulleit, as previously described (Cho et al., 1991) . Before transfection, 4 X 106 COS 7 cells were transferred to a 60-mm plate and grown for 24 h in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (Hyclone, Logan, UT). Cells were transfected with pcDL-SRa2 vector DNA containing wild-type and mutant a subunit sequences by the DEAE-dextran method (Luthman and Magnusson, 1983; Lopata et al., 1984) and grown for 3 d, at which time they were harvested, homogenized by sonication in ice-cold buffer (20 mM Tris, 1 mM imidazole [pH 7.5 
Preparation of Organotypic Cultures
Organotypic cultures of rat hippocampal slices were prepared by a modification of the method of Gahwiler (1984) , as previously described (Molloy and Kennedy, 1991 (Gahwiler, 1984) placed in a roller drum. Cultures were treated with antimitotic agents to inhibit glial cell proliferation, as described previously (Molloy and Kennedy, 1991 
Other Materials and Methods
Calmodulin was purified by the method of Watterson et al. (1976) .
Protein was determined by the method of Peterson (1977) (Miller et al., 1988) (Erondu and Kennedy, 1985) . Tryptic phosphopeptide maps were prepared as previously described (Miller et al., 1988; Patton et al., 1990; Molloy and Kennedy, 1991 Ca2"-independent kinase activity. To minimize dephosphorylation of the-peptide after its injection into mice and thereby enhance the specificity of the immune response for phosphorylated peptide, we chose to thiophosphorylate the peptide because thiophosphorylated serine and threonine residues are resistant to dephosphorylation by most cellular protein phosphatases (Gratecos and Fischer, 1974; Cassel and Glaser, 1982) . Of 1248 hybridoma cultures (average of three clones per well), 24 clones (2%) secreted antibody that reacted at least 10 times more strongly with autophosphorylated CaM kinase than with nonphosphorylated kinase measured by ELISA. Antibodies from approximately half of these clones reacted only with the autophosphorylated form of CaM kinase on immunoblots and did not react with nonphosphorylated kinase (e.g., 26G6, 27G 10, and 22B1; Figure 1A ). Most of them bound more tightly to the a subunit (Mr = 50 000) than to the : subunit (Mr = 60 000).
To determine whether these monoclonal antibodies are specific for the CaM kinase, blots of total brain homogenates were prepared (Figure 1) . Several of the antibodies recognized proteins in brain homogenates other than the CaM kinase ( Figure 1B) . The most common cross-reactive protein was phospho-synapsin I, which contains two phosphorylation sites for the CaM kinase that are similar in sequence to the peptide immunogen. Synapsin I is visible as a doublet at apparent Mr = 80 000 in Figure 1B and in the second lane of Figure 1C . However, the most avid and specific monoclonal antibody, 22B1, did not cross-react with synapsin I or other brain proteins on immunoblots when the blots were washed for 12 rather than 3 h ( Figure 1B ) or when antibody was applied at appropriately high dilution ( Figure 1C ). Threonine-286 is the autophosphorylation site that regulates Ca2"-independent activity (Miller et al., 1988; Hanson et al., 1989) . However, the kinase is also autophosphorylated at several other sites (Miller et al., 1988; Patton et al., 1990) . To verify that 22B1 recognizes only the autophosphorylated site at threonine-286, we tested its ability to bind, before and after autophosphorylation, to a subunits containing point mutations at position 286. Wild-type a subunits and a subunits containing alanine or aspartate in place of threonine-286 were expressed in COS 7 cells. The a subunits in homogenates of the transfected cells were autophosphorylated and blotted onto nitrocellulose as described under MATERIALS AND METHODS. Mutant and wild-type a subunits were both expressed as demonstrated by immunoblots with antibody 6G9 that recognizes both autophosphorylated and nonphosphorylated a subunit ( Figure 2B ) (Erondu and Kennedy, 1985) . Antibody 22B1 bound to autophosphorylated wild-type a subunit but did not bind to the autophosphorylated alanine-286 mutant (Figure 2A) Figure 2B, lanes 4 and 7) . It also did not bind to the aspartate-286 mutant ( Figure 2A, lane 8) . Thus, antibody 22B1 specifically recognizes CaM kinase that is autophosphorylated on threonine-286. Further support for this conclusion comes from experiments in which antibody 22B1 bound nearly maximally to the purified kinase subunits after only 5 s of autophosphorylation, at which time threonine-286 is the only autophosphorylated residue (Miller et al., 1988; Patton et al., 1990 ).
Preparation of Rabbit Antisera Specific for CaM
Kinase that is not Autophosphorylated at Threonine-286 Rabbits were immunized with the conjugated 14-residue peptide described in the previous section, but the peptide was not thiophosphorylated. Antisera from one rabbit, Sylvia, was highly specific for the nonphosphorylated form of the CaM kinase on immunoblots ( Figure 3A) , as previously described (Patton et al., 1991) . However, it cross-reacted with a number of other proteins present in rat brain homogenates ( Figure 3B ). Therefore, antibodies specific for the CaM kinase were purified by affinity chromatography on Agarose-CL resin conjugated with the 9-residue peptide, MHRQETVDC, as described under MATERIALS AND METHODS. The purified antibodies are specific for nonphosphorylated kinase and bind preferentially to the a subunit rather than the fA subunit ( Figure 3C ). They cross-react slightly with a single protein of apparent Mr = 65 000 in rat brain homogenates ( Figure   3C ). Binding to this protein is not affected by Ca2"/ calmodulin-dependent phosphorylation ( Figure 3C ). Binding to both the kinase and to the 65-kDa protein is inhibited by preabsorption with the 9-or 14-residue synthetic peptides described above.
To establish that affinity-purified Sylvia antibodies recognize the CaM kinase only at the sequence surrounding threonine-286, we tested their ability to bind to the mutated a subunits described above. The antibodies bound to the wild-type a subunit and their binding was reduced by autophosphorylation ( Figure  4A, lanes 1 to 4) . The apparent residual binding to the autophosphorylated wild-type subunit may be due to incomplete autophosphorylation. The antibodies also bound to the alanine-286 mutant, but its autophosphorylation did not significantly reduce binding ( Figure  4A , lanes 6 and 7). In contrast, the replacement of threonine-286 by aspartate completely blocked binding of the Sylvia antibodies to the a subunit ( Figure 4A, Figure 2 and in MATERIALS AND METHODS. Nonphosphorylated (N) and autophosphorylated (P) purified CaM kinase holoenzyme (kin) was prepared as in tibody or the nonphosphokinase-specific Sylvia antibodies. The pattern of labeling with these antibodies was compared with that of monoclonal antibody 6G9, which binds to the CaM kinase a subunit in both the autophosphorylated and nonphosphorylated state (Figure 1 ). All three antibodies labeled most of the neurons in the cultures ( Figure 5 ). The distribution of label was similar for all three: cell somas and neuropil areas were densely labeled and nuclei were lightly labeled. Thus, most neurons and subcellular domains contain both phospho-and nonphospho-CaM kinase.
We reasoned that double labeling with phospho-and nonphosphokinase specific antibodies, each detected with a different fluorophore, would be the most sensitive way to reveal small differences in distribution of phosphorylated and nonphosphorylated kinase. With this method, the intensity of one fluorophore would always decrease as the intensity of the other increases; therefore, the ratio of the two fluorescence intensities would be a sensitive function of the ratio of phospho-and nonphosphokinase. Sections were labeled with 22B1 mouse antibodies detected with rhodamine and Sylvia rabbit antibodies detected with fluorescein. Thus, we expected that regions of the cultures with relatively more phosphokinase would appear relatively orange in double exposures, whereas regions of the cultures with a lower proportion of autophosphorylated kinase would appear relatively green. Double exposures were made by choosing an appropriate exposure time for each fluorophore with the appropriate filters in place and exposing a single frame once with each filter set. The relative intensities of the fluorophores in double-exposures provide information about relative levels of autophosphorylation of the kinase among different regions in each section and among sections labeled at the same time. However, because the exposure times were optimized for the color film, the intensities do not provide information about absolute levels of autophosphorylation.
As we expected, the doubly exposed pictures revealed more variability in the distribution of autophosphorylated kinase than was apparent after labeling with either antibody alone (Figure 6 ). The variability was most apparent among a group of pyramidal cell somas near the CA3/CA1 border (arrows in Figure 6 ). A number of cells in this region were not labeled by the monoclonal antibody against phosphorylated kinase but were strongly labeled by the antibody against nonphosphorylated kinase. These cells, which number <2-3% of the cells in the cultures, appear green and stand out in striking contrast to neighboring cells and to the adjacent molecular layer. In most sections, neuronal somas labeled more intensely with the anti-phosphokinase antibody than did the neuropil areas, and therefore appeared more orange in the double exposures (compare upper and lower arrowheads in Figures 6C and 8A) . The results indicate that, in general, the basal autophosphorylated kinase that we previously detected by biochemical methods in organotypic cultures (Molloy and Kennedy, 1991) is distributed throughout most of the neurons. However, the autophosphorylated form is somewhat more concentrated in the soma than in dendrites and axons and is nearly absent from a small subpopulation of neurons.
Labeling of Organotypic Cultures with AntiPhosphokinase Antibodies is Reduced after Removal of External Ca2"
We previously found that incubation of organotypic hippocampal cultures for 30 min in a Ca2"-free solution containing 200 ,uM EGTA substantially reduces the basal level of Ca2"-independent CaM kinase activity (Molloy and Kennedy, 1991 Figure 7A ) contained several previously identified phosphopeptide peaks (Miller et al., 1988; Patton et al., 1990) , including those containing threonine-286, whereas maps from the EGTAtreated cultures revealed a dramatic and specific reduction of 32P-phosphate in the peptides that contain threonine-286 ( Figure 7B ). To test whether this reduction in autophosphorylation of the kinase at threonine-286 occurs throughout all the neurons, we prepared sections of cultures that had been incubated in Ca2"-free EGTA medium for 30 min and labeled them with the two antibodies (Figure 8 ). Control cultures that were incubated in medium containing 1.8 mM Ca2" were processed in parallel and labeled with the same antibody solutions. Sections from the control cultures were used to determine exposure times for each fluorophore; then the same exposure times were used to photograph the sections from EGTA-treated cultures. Double-exposures of the EGTA-treated cultures ( Figure 8B ) are much greener than the comparable control cultures ( Figure 8A ), indicating that staining with 22B1 is specifically reduced. In the experiment shown in Figure  8 , nearly complete dephosphorylation of the CaM kinase was observed in both of two EGTA-treated cultures: staining with 22B1, the anti-phosphokinase antibody, was hard to detect whereas staining with Sylvia, the anti-nonphosphokinase antisera, was intense. In contrast, 22B1 and Sylvia both stained the two control cultures intensely. The level of phosphokinase immunoreactivity was also significantly reduced in EGTA-treated cultures in two additional experiments, but staining with 22B1 was not eliminated completely. Thus, a change in the relative intensity of staining with the complementary antibodies 22B1 and Sylvia correlates with a reduction in phosphorylation measured biochemically. Furthermore, the immunocytochemical staining reveals that the reduction of autophosphorylated kinase produced by incubation in EGTA occurs in all subcellular domains of neurons throughout the culture. CaM kinase with double immunofluorescence labeling. A plastic section from an unstimulated organotypic hippocampal culture was prepared and labeled as described under MATERIALS AND METHODS. The primary labeling antibodies were a mixture of 22B1, the monoclonal antibody that recognizes CaM kinase only when it is autophosphorylated at threonine-286, and Sylvia, the affinity-purified rabbit polyclonal serum that recognizes CaM kinase only when it is not phosphorylated at threonine-286. Bound antibodies were detected with a mixture of rhodamine-conjugated goat anti-mouse antibodies (phospho-) and fluorescein-conjugated goat anti-rabbit antibodies (nonphospho-). The (Miller and Kennedy, 1986; Miller et al., 1988; Hanson et al., 1989) . Autophosphorylation of this same residue dramatically enhances the affinity of the kinase for calmodulin, perhaps influencing the distribution of the calmodulin pool (Meyer et al., 1992) . To better understand the role of the CaM kinase in regulating synaptic transmission, we are studying how its autophosphorylation is regulated in situ in hippocampal neurons.
We immunized mice with a 14-residue peptide with the sequence surrounding threonine-286 to generate mouse monoclonal antibodies that bind to the CaM kinase only when it is phosphorylated at that threonine residue. Before immunization, the peptide was enzymatically thiophosphorylated, and the thiophosphopeptide was purified and conjugated to KLH (Patton et al., 1991) . This method yielded antibodies with high affinity and specificity for CaM kinase phosphorylated at threonine-286, although the yield of specific hybridomas was low (<2% of all hybridomas). We prefer to use phosphatase-resistant thiophosphorylated peptides, rather than phosphorylated peptides, as immunogens because they are resistant to dephosphorylation by the most common cellular phosphatases. Although phosphorylated peptides have been used successfully as immunogens by others, their efficiency as antigens was not reported. Lee et al. (1988) organotypic cultures were labeled with 32p-P04 for 8 h as described in Molloy and Kennedy (1991) , except that 100 zM inorganic phosphate was included in the labeling Eagle's basal medium with Earle's Salts (BME/E) medium. After the labeling period, one group of cultures (Control) was incubated for 30 min in buffered saline (Molloy and Kennedy, 1991) containing 2mM Ca2+; the other group (EGTA treated) was incubated in the same saline without Ca2+ and containing 200 ,uM EGTA. At the end of 30 min, the two groups of cultures were frozen and homogenized; anti-CaM kinase rabbit antiserum was added to the homogenates and the CaM kinase was precipitated with protein-A Sepharose CL-4B as described in Molloy and Kennedy (1991) . Tryptic phosphopeptide maps were prepared as described in Patton et al. (1990) . Tryptic phosphopeptides previously found to contain phosphorylated threonine-286 (Thr286) or serine-314 (Ser314) are indicated.
as antigen. Nishizawa et al. (1991) raised polyclonal antisera specific for phosphorylated intermediate filament protein by immunizing with synthetic peptides phosphorylated by the cyclic AMP-dependent protein kinase. It appears that thiophosphorylated and phosphorylated synthetic peptides will be generally useful for production of antibodies directed against identified functionally significant phosphorylation sites. A disadvantage of their use is that the synthetic peptide must be enzymatically phosphorylated by relatively large quantities of an identified protein kinase. However, newly emerging chemical methods for de novo synthesis of peptides containing phosphoamino acids should eliminate the need for large quantities of kinases (Perich and Johns, 1988; Arendt et al., 1989; Kitas et al., 1990; Lacombe et al., 1990) . Suzuki et al. (1992) used an immunization strategy similar to ours (Patton et al., 1991) to produce a rabbit antiserum specific for CaM kinase phosphorylated at threonine-286, except that the peptide antigen was phosphorylated rather than thiophosphorylated. Staining of dissociated cultured hippocampal neurons with this antiserum was enhanced after treatment of the neurons with N-methyl-D-aspartate (NMDA). The biological significance of this result is not clear, however, because the neurons were treated with toxic doses of NMDA and fixed after 15 min when considerable excitotoxic damage would already have occurred. In addition, as noted in the INTRODUCTION and in Molloy and Kennedy (1991) , autophosphorylation of CaM kinase II appears to be regulated differently in hippocampal neurons within organotypic cultures than in dissociated cultured hippocampal neurons.
To detect small differences in the proportion of autophosphorylation of CaM kinase II in situ, we raised a complementary rabbit polyclonal serum that binds to CaM kinase only when it is not phosphorylated at threonine-286 for use in double-label immunocytochemistry. To improve the specificity of the rabbit serum, antibodies that recognize nonphosphorylated CaM kinase were affinity-purified on a column substituted with the peptide antigen. The affinity purified antibodies bind weakly to a 65-kDa protein on immunoblots of brain homogenates as well as to nonphosphorylated kinase ( Figure 3C ). However, binding to the 65-kDa protein is not reduced by phosphorylation of the homogenate.
Our immunocytochemical results revealed that most neurons in the cultures contain both phosphorylated and nonphosphorylated kinase (Figures 5 and 6 ). Autophosphorylated kinase is not concentrated in a subpopulation of neurons as predicted by an early version of the "switch hypothesis" (Lisman, 1985) . Our finding is consistent with earlier biochemical measurements that show that -30% of the CaM kinase in such cultures is autophosphorylated at threonine-286/287 even though the basal Ca2+ concentration in the cultured neurons was only 15-45 nM (Molloy and Kennedy, 1991 ) (see also Figure 7 ). The nearly uniform distribution of autophosphorylated CaM kinase supports the hypothesis that the proportion of autophosphorylated CaM kinase at resting Ca2+ concentration is determined by a simple dynamic equilibrium between Ca2+-stimulated autophosphorylation and dephosphorylation by protein phosphatases (Molloy and Kennedy, 1991) . A subtle paradigm shift is occurring in our understanding of the regulatory roles of protein phosphorylation in general and of CaM kinase II in particular. It generally has been assumed that kinases work by being off most of the time and turned on for brief periods by physiological stimuli. However, taken together, the results in this ar- ticle and biochemical results reported elsewhere (i.e., Molloy and Kennedy, 1991; Ocorr and Schulman, 1991) indicate that CaM kinase II activity throughout most neurons in hippocampal organotypic cultures is maintained at an intermediate level by continuing autophosphorylation. Maintenance of this equilibrium is clearly expensive to the neuron and therefore must have produced a strong evolutionary advantage. We believe that the high basal activity reflects participation of the kinase in a network of interacting regulatory molecules that can respond to many stimuli. It will be important to establish how this high steady-state activity is distributed and controlled in neurons in different physiological situations.
Phosphorylated and nonphosphorylated CaM kinase molecules were colocalized throughout somas and dendrites in most neurons in the cultures that we examined. However, a small population of neurons (<2%), usually located at the CA1-CA3 border, appeared to contain only nonphosphorylated kinase ( Figure 6 , B and C, arrows). We do not yet know whether the absence of autophosphorylated kinase in these cells is biologically significant. In addition, neuronal somas appeared to contain a higher proportion of autophosphorylated kinase than did dendrites (compare upper and lower arrowheads in Figures 6C and 8A) . Preliminary results reveal a similar distribution of phospho-and nonphosphokinase in sections of adult rat hippocampus (Hunt, personal communication). The equilibrium steady state may be shifted slightly more toward autophosphorylated kinase in the soma than it is in dendrites, either by a higher basal Ca2+ concentration or by a lower concentration of active protein phosphatase.
Removal of Ca2+ from the culture medium causes dephosphorylation of the CaM kinase in situ; the overall proportion of autophosphorylated kinase is reduced from -30% to 5-10% (Molloy and Kennedy, 1991) . Similarly, staining with the phosphokinase-specific antibody 22B1 was dramatically reduced in cultures that had been incubated in EGTA. The results showed that the proportion of autophosphorylated kinase was reduced equally in somas and dendrites of all neurons ( Figure 8B ). This experiment also demonstrates unequivocally that autophosphorylation of the kinase enhances binding of 22B1 in tissue sections as well as on immunoblots. It reveals the potential sensitivity of the double-label fluorescence method; dephosphorylation of -25% of the CaM kinase molecules was easily detected.
Biochemical studies of neurons have identified a large number of specialized neural proteins that are regulated by phosphorylation, and hypotheses about their physiological functions have been formulated (Nestler and Greengard, 1984; Kennedy, 1989; Skene, 1989; DeCamilli et al., 1990 
